In the 15 years since the neurotoxic properties of glutamate and related amino acids were first described, there has been no thoroughly convincing explanation of the pathophysiology of excitatory amino acid-induced neuronal death. These substances depolarize central neurons, increase the frequency of neuronal discharge, and augment synaptic activity, leading to the suggestion that one or more of these properties may in some way be responsible for toxicity. More recently, an excessive calcium influx triggered by amino acids has been implicated in this process. As isolation of the different factors potentially involved in amino acid neurotoxicity is virtually impossible in viva, dispersed hippocampal cultures were used to define the pathophysiology of this process in vitro. The toxicity of glutamate, N-methyl-o-aspartate, and kainate was unaffected when calcium was deleted and tetrodotoxin added to the balanced salt solution bathing the cultures. In parallel experiments, the calcium ionophore A23187 was not toxic in the presence of calcium. These experiments failed to confirm a role for neuronal activity or calcium influx in this process. However, when depolarization was blocked by deleting sodium from the control salt solution, neither glutamate, N-tnethyl-D-aSpartate, nor kainate produced obvious changes. Alternately, when passive chloride influx was prevented by largely deleting chloride from the bath, the cells were also unchanged by the amino acids. Further experiments showed that depolarization produced by high external potassium concentrations or veratridine was also toxic, but only in the presence of external chloride.
In 1957, while studying hereditary retinal dystrophy in the mouse, Lucas and Newhouse (1957) serendipitously discovered that glutamate (GLU) injections produced rapid degeneration of the inner layer of the retina. Twelve years later, Olney (1969) described central nervous system lesions in mice after parenteral administration of GLU. Since then, the neurotoxic properties of GLU and a number of other dicarboxylic amino acids have been repeatedly documented (Olney 1978 (Olney , 1983 . Over this same time period, evidence has accumulated that GLU may be a major excitatory transmitter in the mammalian central nervous system (Roberts et al., 1981; Fonnum, 1984) . In addition, GLU may be involved in a variety of human neurological diseases (Collins and Olney, 1982; Plaitakis et al., 1982; Shoulson, 1983) . For these reasons, there has been a great deal of interest in the mechanism of GLU action, both as a putative neurotransmitter and as an established neurotoxin. In the mammalian central nervous system, GLU appears to open nondesensitizing channels which are permeable to at least sodium (Hablitz and Langmoen, 1982) . This explains its well-established, prolonged depolarizing action.
The factors responsible for GLU neurotoxicity are not nearly so well known. Possibilities most often suggested include: (7 ) greatly increased frequency of neuronal activity (Olney, 1978) ; (2) sustained depolarization (Olney, 1978) ; and (3) excessive calcium influx from the extracellular space (Berdichevsky et al., 1983; Griffiths et al., 1983; Retz and Coyle, 1984) . It is extremely difficult to investigate these hypotheses in intact animals. However, in vitro experiments utilizing cultures of dispersed fetal hippocampal neurons have demonstrated the ionic mechanism responsible for the neurotoxicity produced by GLU and the related excitatory amino acids N-methylp-aspartate (NMDA) and kainate (KA). Sodium  140  140  140  55 54  Benzoylcholine  140  Potassium  5  5  5  5  90 90 140  Chloride  172  172 172  32 172 21  21  Tris"  22  22  22  22  22 14  14  Sulfate  70  72  70  Glucose 5.6 5.6 5.6 5.6 5.6 5.6 5.6 Sucroseb 70 85 85 Calcium 0 0.5 0.5 0.5 0.5 0.5 0.5 Magnesium 5 4.5 4.5 4.5 4.5 4.5 4.5 nX 3 x 10-Z a Each 22 mM Tris contributes 17 mM chloride, which has been taken into account when calculating chloride concentration.
bSucrose was used in solutions D, F, and G to maintain constant calculated osmolarity.
Rothman
Vol . 5, No. 6, June 1985 Figure 7. The composite photomicrograph shows individual microscope fields before (A7 to CI) and 30 min after cultures were exposed to GLU (A2), NMDA (82), and KA (C2). Despite the addition of TTX and removal of Ca from the bathing solution, the neurons all died after addition of the amino acids. Scale = 50 pm.
Materials and Methods
Culture. Dispersed cultures were made from hippocampi drssected from 18.d-old rat fetuses. The detarls of culture preparatron were described In a prevrous report and have not been modified (Rothman, 1984) . Hippocampal cultures used In these experiments were at least 2 weeks old. Excitatory amino acid toxicity. In these experiments, individual microscope fields were photographed.
The medium was then replaced with one of the balanced salt solutions (Table I just as quickly as when they were exposed to excitatory amino acids GLU, NMDA, and KA were delivered by microperfusion (Char and Frsch- in standard medium with normal extracellular Ca (Rothman, 1984) . bath, 1981) . The amino acids were drssolved in medium identical to the bath Thus, the neurotoxicity of GLU, NMDA, and KA does not depend and applied by pressure from blunt-tipped pipets (-5 FM) located approxion voltage-dependent Na channels or synaptic transmission.
mately 30 PM from the impaled neurons. The responses were photographed
As some Ca was still present in solution A, it was still possible
and measured with a drgrtrzing tablet.
that Ca influx from the extracellular space was partly responsible for Rothman Vol. 5, No. 6, June 1985 Figure 3. A7 shows a field before exposure to veratridine in a solution with no added Ca. After 30 min, all neurons had been destroyed (A2). B7 shows a field in another culture prior to veratridine treatment in Na-free salt solution. In the absence of Na, neurons remained intact (82) . CI shows a field prior to veratridine exposure in low Cl extracellular fluid. Under these conditions, neurons were unaffected by veratridine (C2). Scale = 50 pm. the neuronal death. However, lowering the extracellular Ca further substituted for Na (Table I , C) to block the depolarization produced with EGTA was in itself toxic to the cultured neurons.
by the amino acids, which is likely due to Na influx (Hablitz and Effects of A23187. In an attempt to document that excessive Ca Langmoen, 1982) . At the same time, the cultures were exposed to influx from the 'extracellular space could duplicate the toxic effects 1 Om3 M GLU, 1 Om4 M NMDA, and 1 Oe4 M KA. Under these conditions, of excitatory amino acids, the cultures were exposed to 30 pM even with Ca in the bath, the neurons were not visibly changed after A23187, a calcium ionophore (Schanne et al., 1979) . In a solution 30 min. These experiments suggest a role for Na influx and/or containing 0.5 mM Ca, the neurons were not noticeably changed depolarization in producing amino acid neurotoxidy. However, they after a 30.min incubation (not shown). As this same time period was do not allow the two variables to be separated. sufficient for the neurotoxic amino acids to produce total destruction CI substitution. Steady depolarization of neurons produces a Cl of all neurons in a solution containing far less extracellular Ca, it influx because of the altered electrochemical gradient for Cl. It appeared unlikely that this process was mediated by Ca influx. therefore seemed possible that Cl influx, eventually resulting in Na substitution. Although regenerative Na channels blocked by osmotic lysis, might account for the observed neurotoxicity of the TTX are unnecessary for amino acid neurotoxicity, depolarization or amino acids (Miller and Slaughter, 1985) . To test this hypothesis, an Na influx might still be important. Accordingly, benzoylcholine was impermeant anion, sulfate (S04), was substituted for the bulk of the (Table I, D) . GLU, NMDA, and KA were of the Cl by SO4 retaining the normal extracellular Na concentration then added at the same concentrations previously used. After a 30- (Table I , D) also blocked veratridine toxicity, consistent with the min exposure, the neurons were virtually unchanged (Fig. 2 , A to hypothesis that passive Cl entry mediates this type of neuronal death C), implying that Cl influx is the critical factor for the production of (Fig. 3C) . amino acid neurotoxicity. Similar results were obtained when Cl was Potassium depolarization. One other paradigm was used to acreplaced by isethionate.
quire more evidence that passive chloride influx associated with Veratridine depolarization.
If the mechanism suggested above is depolarization and not depolarization per se, was responsible for correct, then other depolarizing agents should also be neurotoxic, the neuronal destruction observed in these experiments. Cultures and this toxicity should be blocked by chloride removal. Veratridine, were depolarized with a balanced salt solution in which 90 mM Na which opens voltage-dependent Na channels (Ulbricht, 1969) was replaced by an equivalent amount of K (Table I, E) . The neurons should, therefore, be toxic. When neurons were treated with 50 yM in these cultures all disintegrated within 30 min and appeared veratridine in medium deficient in Ca (solution A without TTX), they identical to neurons treated with one of the neurotoxic amino acids were all destroyed after 30 min (Fig. 3A) . Replacement of Na by (Fig. 4A) . However, cultures exposed to an identical K solution in benzoylcholine (Table I , C) protected the neurons from the same which SO, replaced the bulk of the Cl (Table I, F) were unchanged veratridine concentration (Fig. 36) . Finally, replacement of the bulk after 30 min (Fig. 48) . In fact, even when cultures were incubated In A, 10e3 M GLU applied for 10 set (marker) produced a steady depolarization which did not desensitize. In B, 1 Oe4 M NMDA (first marker) and 1 O-" M KA (second marker) were sequentially applied near another neuron. Both amino acids always produced steady depolarizations.
Resting membrane potential was 65 mV for both A and B. with 140 mM K in a low-Cl salt solution (Table I , G), they showed virtually no morphological changes when viewed under phase-contrast optics (Fig. 4C ). This set of experiments provided more evidence in support of the hypothesis that neurons can tolerate prolonged depolarization, so long as they are not exposed to a normal Cl concentration. Physiological effects of neurotoxic amino acids. The pathophysiology of amino acid neurotoxicity proposed above depends upon their ability to produce prolonged, nondesensitizing depolarizations. Accordingly, responses to GLU, NMDA, and KA were monitored with intracellular recording. No attempt was made to differentiate responses to the different amino acids by polarizing the resting membrane potential (Dingledine, 1983) . Prolonged (5 to 10 set) applications of all three amino acids did result in steady depolarizations which did not decrease over time (Fig. 5) . GLU produced the greatest depolarization, then KA, and then NMDA (Table II) . The differences in magnitude of the depolarizations could not be accounted for by depolarization of resting membrane potential, as cells tested with GLU tended to have lower resting potentials than those tested with the other two amino acids (Table II) ,
Discussion
The experiments described above suggest that the pathophysiology of amino acid neurotoxicity may be rather straightforward. Cl is predominantly passively distributed across the neuronal membrane, such that the ratio of intracellular to extracellular Cl can be calculated from the Nernst relationship:
where Em is the neuron's resting potential. Depolarization increases the intracellular Cl concentration, which cannot be compensated by outward anion flux, because the bulk of intracellular anions are impermeant. Therefore, more cations are drawn into the cell, which increases intracellular osmolarity. This leads to water entry (Kuffler et al., 1984) . Eventually, tension on the cell membrane increases and the neuron lyses. This scheme is not unique for the excitatory amino acids, as high external potassium concentrations and veratridine appear to produce neuronal death by the same mechanism. Elimination of Na protects the cells from amino acids and veratridine because it prevents the initial depolarization. Removing most of the extracellular Cl decreases Cl flux into the neurons and allows them to tolerate depolarization without accumulating an excessive osmotic load.
No evidence was found to support recent suggestions that Ca influx is responsible for amino acid toxicity (Berdichevsky et al., 1983; Griffiths et al., 1983; Retz and Coyle, 1984) . Removal of the bulk of extracellular Ca did not visibly alter killing by any of the amino acids. Exposure to the Ca ionophore A231 87 also had no immediate effect on the cultured neurons despite its ability to kill hepatocytes in vitro (Schanne et al., 1979) . While the neurotoxic amino acids may cause Ca influx, this does not play a role in the pathophysiology of neuronal death reported here. Ion substitution experiments have convincingly shown that excessive Ca influx plays a role in the degeneration at the mammalian neuromuscular junction produced by prolonged exposure to cholinomimetics (Leonard and Salpeter, 1979) . Recent observations at the locust neuromuscular junction have also indicated that elevated intracellular Ca may be responsible for degeneration produced by GLU, the putative neurotransmitter at this site (Donaldson et al., 1983) . Therefore, postsynaptic degeneration at the neuromuscular junction is most likely a very different process from amino acid neurotoxicity and is probably not an appropriate model system for studying the latter.
Synaptic release of other neurotransmitters and regenerative Na potentials also appear unnecessary for full expression of amino acid neurotoxicity. All three amino acids were toxic in medium containing 5 mM magnesium, almost no Ca, and TTX, which would very effectively prevent transmitter release and Na spikes. It might not be expected that KA would be directly toxic, as a number of in vivo studies have demonstrated a requirement for intact innervation and presumably transmitter release in regions susceptible to KA toxicity. The optic tectum, striatum, and dentate region of hippocampus are all protected from KA lesions if the appropriate input pathways are lesioned (Streit et al., 1980; Biziere and Coyle, 1978; Kohler et al., 1978) . Other studies have suggested that electrical seizures triggered by KA, and not KA per se, are responsible for brain damage (Nadler and Cuthbertson, 1980; Sloviter and Damiano, 1981) . While there is no definite explanation for the discrepancy between the in vivo and in vitro results, it is certainly possible that release of intrinsic neurotransmitter and/or epileptiform activity potentiates the toxicity of low doses of KA. However, the present study certainly shows that KA at concentrations of 100 pM, and possibly lower, can be directly toxic to neurons.
One other initially puzzling result was the ability of NMDA to produce toxicity identical to that of GLU and KA, despite its slight depolarizing effect. Application of 10m4 M NMDA for periods of seconds depolarized cells an average of 6 mV from resting level (Table II) . This was far more hyperpolarized than the threshold resting potential for KCI-induced neuronal death, which was estimated to be -16 mV.3 The explanation for this apparent discrepancy is that 3 Rapld (30 min) KCI toxicity was seen with [KCI] 275 mM. Assuming that normal intracellular K is approximately 140 mM (Katzman and Pappius, 1973) , and that the neuron behaves as a K electrode, the resting potential in 75 mM K can be calculated from the Nernst relationship: depolarization produced by NMDA is the result of an inward Na current which causes an equal but outward K current. Over a number of minutes, the transmembrane K gradient will gradually decrease, resulting in depolarization until the cell reaches threshold for osmotic lysis.
The observations on NMDA toxicity may also have implications for the physiological basis of NMDA action. Hippocampal pyramidal neurons maintained in the slice produce slow, regenerative spikes following NMDA iontophoresis (Dingledine, 1983) . These spikes have properties similar to Ca action potentials, but might also be produced by Na influx. That NMDA toxicity was prevented by substituting benzoylcholine for Na demonstrates that the channel opened by NMDA does allow Na passage.
These studies on amino acid neurotoxicity may eventually prove relevant to human neurobiology. The synaptic release of GLU, or a closely related amino acid, appears to be responsible for hypoxic neuronal injury. When cultured neurons were pretreated with Y-Dglutamylglycine, a postsynaptic blocker of excitatory amino acids, they were remarkably resistant to anoxia (Rothman, 1984) . GLU release may contribute to brain damage in regions of uncontrolled epileptic activity (Collins and Olney, 1982) . The neuropathological lesions found in patients with Huntington's disease suggest that the abnormal gene codes for a defect which predisposes the carrier to the neurotoxicity of GLU (Shoulson, 1983) . Finally, a partial deficiency of the enzyme glutamate dehydrogenase in patients with olivopontocerebellar-atrophy may allow high concentrations of GLU to accumulate in the brain. This has been postulated to produce the neuronal degeneration seen in that disorder (Plaitakis et al., 1982) . Should a role for GLU, or a related amino acid, be confirmed in the pathogenesis of any of these disorders, knowledge of its mechanism of action will aid in the design of rational therapy. 
